Copper in steel has been thought harmful because of the hot shortness at grain boundaries, but Cu precipitates finely distributed inside of each grain increase the strength. If the problem of hot shortness is solved, scrap recycling will become much easier and even Cu can be used as an important alloying element. It is therefore most important to investigate the behavior of Cu precipitation in Fe-Cu alloys at high temperatures. In this study, in-situ observation of the Cu precipitation on cooling in Fe-10mass%Cu and Fe-5mass%Cu alloys was made using a confocal scanning laser microscope. The precipitates were analyzed by SEM-EDX after in-situ observation experiments.
Introduction
The amount of the recycling scrap will increase from the viewpoint of energy and resource conservation. The tramp element such as Cu retained in steel scrap will be enriched in new steels because of the difficulty of removal in steelmaking process. Copper in steels causes the hot shortness at high temperatures. There have been many reports on the hot shortness [1] [2] [3] and the mechanism is explained as follows. Since the oxidation tendency of Cu is weaker than that of Fe, Cu is not taken into the oxide phase at high temperature and remains in the Fe matrix. So the content of Cu in the matrix at the steel/scale interface will increase. When the content of Cu exceeds the solubility limit in solid steel, nearly pure liquid Cu appears at the steel/scale interface. Liquid Cu easily spreads over and penetrates into the grain boundary of steel during hot rolling and causes the surface cracks. There are many reports on the mechanism and the effects of temperature, chemical composition and so on are well explained in detail. [4] [5] [6] [7] [8] [9] On the other hand, the improvement of steel properties containing fine Cu precipitates has been reported. [10] [11] [12] [13] [14] [15] For instance, by controlling of Cu precipitation, it became possible to produce high tensile strength and high r-value steel products. 10) Fine-grained duplex stainless steels were also developed by using Cu precipitates as the nucleation sites of the ferrite during austenite/ferrite phase transformation. 15) That is, Cu in steel causes the hot shortness but fine Cu precipitates improve the steel performance. To solve the problem of hot shortness and to utilize Cu precipitates, the behavior of Cu precipitation in Fe-Cu alloys should be properly understood. Especially Cu precipitation in g phase in Cu-rich alloys is the urgent subject in view of few literature.
Therefore, in this paper the special attention is focused on Cu precipitation in g phase at high temperature and the objective is to investigate the effect of MnS inclusions on the heterogeneous nucleation of Cu precipitation in Fe-Cu alloys. Based on the concept of "Oxides Metallurgy", 16) a method to utilize the power of the suitable non-metallic inclusions as the heterogeneous nucleation site. MnS inclusion is the good choice because it precipitates over the wide temperature range prior to Cu precipitation. It is also very easy to control the precipitation of MnS by using other inclusions. [17] [18] [19] In-situ observation by using a confocal scanning laser microscope was carried out and the behavior of Cu precipitation at high temperature was observed directly.
The selection of Cu content is important because it sig-nificantly affects the precipitation behavior. Fe-5mass%Cu alloy and Fe-10mass%Cu alloy were selected in the present study. Figure 1 shows the phase diagram of Fe-Cu-C alloy system. In Fe-10mass%Cu alloys the liquid Cu precipitates appear at 1 526 K in g phase and the g/a phase transformation occurs at 1 130 K in equilibrium state. In Fe-5mass%Cu alloys the solid e-Cu precipitates appear at 1 238 K in g phase and the g/a phase transformation occurs at 1 130 K in equilibrium state.
Experimental Methods

Samples
About 100 g of pure electrolytic iron was melted and alloyed in a tungsten arc furnace under an argon gas atmosphere. The ingot was machined into a disc (4.3 mm in diameter, 2 mm in height) and the surface was mirror polished. The chemical composition of samples is shown in Table 1 . Copper content of both samples A and B was the same as about 10 mass% but sample A was without MnS and sample B was with MnS. Copper content of both samples C and D was again the same as about 5 mass% but sample C was without MnS and sample D was with MnS. In order to make clear the effect of MnS on the Cu precipitation, the content of Mn and S in samples B and D was determined to be 0.6 and 0.06 mass%, respectively. In samples C and D, without the addition of carbon, some oxide precipitates appeared before the Cu precipitation and they made observation difficult. Therefore, 0.05 mass% carbon was added for deoxidization. This addition of carbon does not change the phase diagram of Fe-Cu alloys and does not affect Cu precipitation, either.
In-situ Observation of Phase Transformation and
Precipitation A confocal scanning laser microscope with an infrared image furnace was employed for the in-situ observation.
The detail of the principle and the method of operation has been described elsewhere. [17] [18] [19] [20] [21] The sample was heated and cooled in an alumina crucible (4.5 mm in inner diameter) under an ultra-high purity argon gas. The temperature was measured at the bottom of the holder of the crucible. The actual temperature on the surface of the sample was estimated by using the calibration of the two temperatures on the surface and at the bottom previously measured. The sample was heated up at the rate of 1.67 K/s to 1 562 K at which only g phase could exist. The sample was held for 20 m at 1 562 K and cooled at the rate of 0.33 K/s. The phenomena of phase transformation and precipitation were observed directly on cooling. After observation, the sample was analyzed by a scanning electron microscope equipped with an energy dispersive X-ray micro-analyzer (SEM-EDX) for the analyses of morphology and composition of the precipitates.
Experimental Results
Behavior of Precipitation in
Fe-10mass%Cu Alloy 3.1.1. In-situ Observation Figure 2 shows the sequential image of the in-situ observation on cooling of sample A (10 mass% Cu without Mn and S). Figure 3 shows the case for sample B (10 mass% Cu with Mn and S). The cooling rate was 0.33 K/s. Each image is arranged in the order of the corresponding temperature. At first many black circles are visible in Figs. 2 and 3. These circles were carefully examined and found to be just hollows made on the surface of the specimen. None of any elements was detected by SEM-EDX. The mechanism of leaving hollows is estimated as follows. According to the phase diagram as shown in Fig. 1 , g iron and solid e-C u can coexist above 1 103 K and therefore e-Cu should Table 1 . Chemical composition of samples. precipitate and grow in g iron at first during heating the sample. Then it should melt at the liquidus temperature above 1 333 K. Since liquid Cu-rich alloy can wet iron very easily, it should quickly penetrate into the grain boundaries and finally dissolve into g iron. Thus Cu precipitate itself will disappear and leaves a hollow behind. This postulation was roughly supported by the separate experiment. The hollows hindered the good observation but none-the-less they did not affect the major objective at all as far as the solid solution of g iron and Cu was obtained as the initial condition. In case of sample A without MnS at 1 604 K the matrix is completely g phase and a grain boundary is visible as shown in Fig. 2(a) . At 1 273 K and 1 173 K, there was no precipitate as shown in Figs. 2(b) and 2(c) respectively. At 1 073 K, some precipitates started to appear as shown in Fig. 2(d) . At 1 023 K, the number of precipitates increased and the size became large as shown in Fig. 2(e) . At 943 K, when the g/a phase transformation just started at the g grain boundary, there was no big change in the behavior of precipitation as shown in Fig. 2(f) , indicating no effect of the g/a phase transformation on the Cu precipitation.
In case of sample B with MnS at 1 604 K, only g phase existed as shown in Fig. 3(a) . At 1 273 K and 1 223 K, there was no precipitate as shown in Figs. 3(b) and 3(c) respectively. At 1 198 K, some precipitates started to appear as shown in Fig. 3(d) . The number of precipitates increased and the size became large with the decrease in temperature as shown in Fig. 3(e) . At 951 K, when the g/a phase transformation just started, there was no big change, indicating no effect of the g/a phase transformation on the Cu precipitation, either.
Comparing Fig. 2 (sample A) with Fig. 3 (sample B), the behavior of phase transformation was almost the same, so the small amount of Mn and S had no effect on the phase transformation itself. On the other hand, there was a big difference in the behavior of precipitation between samples A and B. In sample A without MnS, the precipitation started at about 1 100 K. But in sample B with MnS, it started at higher temperature, about 1 200 K. The total number of precipitates in sample B with MnS was larger than that in sample A without MnS. Figure 4 shows the change in the total number of precipitates with temperature in samples A and B, containing 10 mass% Cu. The behavior of precipitation in sample A without MnS was quite different from that in sample B with MnS. In sample A without MnS, the number of precipitates increased sharply at about 1 100 K in g phase. The increase almost stopped at about 1 000 K and the total number was about 4 · 10 9 /m 2 . On the other hand, in sample B with MnS, the number of precipitates increased at about 1 200 K in g phase, and this temperature was higher than that in sample A by about 100 K. And the total number was about 9 · 10 9 /m 2 and it was larger than that in sample A. In equilibrium state, liquid Cu should precipitate at 1 526 K in these samples containing 10 mass% Cu. The undercooling for the Cu precipitation was estimated to be 430 K and 330 K, respectively corresponding to the MnS content. According to the equilibrium phase diagram the Cu precipitates were not liquid but solid in the present experiment. Therefore this result itself does not account for hot shortness but it is still interesting to further investigate the good effect of MnS on the prevention of hot shortness.
Change in the Number of Precipitates
Shape and Composition of Precipitates
The shape and composition of precipitates in samples A and B were analyzed with a SEM-EDX. itate was polygonal and the size was a few microns, too. It can be concluded that MnS primary inclusions played a positive role as the heterogeneous nucleation sites of e-C u precipitates. The reason why the starting temperature was higher in case of MnS addition is now explained by the enhanced precipitation of e-Cu on MnS inclusions with the smaller undercooling.
Distribution of Cu Precipitates
The distribution of e-Cu precipitates was analyzed and shown in Fig. 6 . The results of the characteristic X-ray images of Cu and Mn in sample A without MnS and in sample B with MnS are shown in Figs. 6(a) and 6(b) respectively. The lines in the SEM micrographs corresponds to the g grain boundaries. In sample A without MnS the large e-Cu precipitates existed along the g grain boundaries while small precipitates existed in g grains as shown in Fig. 6(a) . These precipitates were simple e-Cu. On the other hand, in sample B with MnS the number of large precipitates along the grain boundaries decreased significantly while some small precipitates were found more frequently in the g grain as shown in Fig. 6 (b) compared with that in Fig. 6(a) . These precipitates were mainly the complex precipitate of MnS and e-Cu.
That is, in the sample A without MnS, e-Cu precipitates heavily segregated along the g grain boundaries but in the sample B with MnS the segregation was reduced and the much more homogeneous distribution of e-Cu precipitates was obtained. This is due to the fact that MnS inclusions previously existing everywhere acted as the heterogeneous nucleation sites. Without the proper nucleation sites such as MnS inclusions, e-Cu precipitates will nucleate and grow mainly along the grain boundaries. In case of 5 mass% Cu alloy without MnS, at 1 562 K the matrix was completely g phase and a linear grain boundary is visible as shown in Fig. 7(a) . At 1 273 K there was still no precipitate as shown in Fig. 7(b) and it continued before g/a phase transformation occurred. At 998 K the g/a phase transformation just started at the g grain boundary. In this image the grain boundary of a phase is traced by a thin solid line as shown in Fig. 7(c) . At this moment many fine precipitates started to appear only in a phase, but no precipitate was found in g phase, as shown in Fig. 7(c) . In due course of the progress of the g/a phase transformation, the area of a phase increased with the decrease in temperature and all the precipitates appeared only in a phase as shown in Figs. 7(d) and 7(e). At 923 K, the precipitates appeared in almost all area when the g/a phase transformation is almost finished and g phase was completely replaced by a phase.
Behavior of Precipitation in
In case of 5 mass% Cu with MnS inclusions, at 1 562 K, the matrix was completely g phase as shown in Fig. 8(a) . No precipitate was found also at 1 273 K as shown in Fig.   8(b) . At 1 023 K some precipitates started to appear still in the single g phase. With the decrease in temperature, the number of precipitates increased and the size became larger as shown in Fig. 8(d) . At 992 K the g/a phase transformation just started as shown in Fig. 8(e) . In this image the a grain boundary is traced by a thin solid line. The area of a phase increased with the decrease in temperature as shown in Fig. 8(f) .
Comparing the result in Fig. 8 with that in Fig. 7 , the precipitation behavior for the case with MnS was completely different from the previous case without MnS. The temperature at which the g/a phase transformation started was 998 K or 992 K respectively in both cases. Because the equilibrium temperature of the g/a phase transformation in Fe-5mass% alloys is about 1 130 K, the undercooling for this phase transformation is about 140 K. It will be reasonable to conclude that the behavior of the g/a phase transformation was almost the same. But the behavior of Cu precipitation is quite different in both cases. The place where the precipitates firstly appeared was in a phase in case of 5 mass% Cu alloy without MnS but in g phase in case with MnS. The temperature at which the precipitation started was 998 K or 1 023 K respectively. The number of precipitates was much larger in case without MnS than in case with MnS. Figure 9 shows the change in the total number of precipitates with temperature in sample C without MnS and sample D with MnS, containing 5 mass% Cu. The temperature at which the g /a phase transformation started is indicated by wavy lines in this figure. It can be seen that in sample C without MnS, the number of precipitates increased sharply at 998 K, as soon as the g/a phase transformation started. As the phase transformation was in progress, the number of precipitates continued to increase rapidly and it became very large at the end of the phase transformation.
Change in the Number of Precipitates
On the other hand, in sample D with MnS, the number of precipitates started to increase at 1 030 K, fairly before the start of g/a phase transformation. The number was less than that in sample C without MnS. When the g/a phase transformation occurred, there was no big change. In this 5 mass% Cu alloys the equilibrium temperature for the precipitation of e-Cu is about 1 238 K. The undercooling was 240 K or 208 K respectively. Especially, in sample C without MnS, the undercooling for the precipitation was so large that the g/a phase transformation occurred earlier than the precipitation.
Shape and Composition of Precipitates
The shape and composition of precipitates in 5 mass% Cu samples C and D were analyzed with a SEM-EDX. Figure 10(a) shows the SEM micrograph and the chemical composition of a typical precipitate in sample C without MnS. The shape of precipitate was polygonal and the size was very small, less than one micron. The chemical composition at the area indicated by an arrow in the micrograph was analyzed to be 57.0 mass% Fe and 48.5 mass% Cu. No other element was detected indicating e-Cu precipitate. Figure 10 (b) shows the SEM micrograph and the chemical composition of a typical precipitate in sample D with MnS. The shape of precipitate was polygonal and the size was less than one micron, too. But the mean size was a little larger than that in Fig. 10(a) . The chemical composition at the area indicated by an arrow in the micrograph was analyzed to be 31.4 mass% Fe, 58.4 mass% Cu, 6.3 mass% Mn and 3.5 mass% S. The molar ratio of Mn to S was 1.05/1. This means that e-Cu was clearly combined with MnS.
It can be concluded that MnS primary inclusions played a positive role as the heterogeneous nucleation sites for e-C u precipitates in both 10 mass% Cu and 5 mass% Cu alloys. The reason why the starting temperature was higher and the precipitation place was in g phase in case of MnS addition is now explained by the heterogeneous nucleation of e-Cu at MnS inclusions.
Discussion
Calculation of the Nucleation Frequency by the
Classical Nucleation Theory The nucleation frequency of e-Cu precipitates can be calculated by using the classical heterogeneous nucleation model and the results will be compared with the experimental ones.
Solubility of e-Cu in Iron
At first, the solubility of e-Cu in iron (a phase and g phase) will be estimated as follows.
The molar solubility in g phase, is estimated from the equilibrium phase diagram of Fe-Cu binary alloy system 22) and expressed by the next Eq. The molar solubility in a phase, is expressed by the Eq. (2) where, is the universal gas constant.
It is assumed that Eq. (1) can be expanded to the low temperature range and Eq. (2) to the high temperature range.
Driving Force for the Precipitation of e-Cu
The method to estimate the driving force of the MnS precipitation was described elsewhere. 19) The driving force for the precipitation of e-Cu in g phase is estimated by the similar method, and the detail is omitted. When the molar ratio of e-Cu in steel is z C , the precipitation occurs at the temperature of in equilibrium state. When the undercooling and the temperature are given as ⌬T and T 0 , the molar solubility of e-Cu is z 
Application of the Classical Nucleation Theory
The method for MnS precipitation was described previously. 19) After the similar method, the equation to calculate the nucleation frequency of e-Cu can be derived by using the classical nucleation theory.
24) The equation to calculate the nucleation frequency, I of e-Cu is given by Eq. (6) as follows.
....... (6) where, I 0 is the pre-exponential factor, which means the distribution density of embryo, depending on the number of nucleation sites, the content of solute elements and so on. is the Boltzmann constant. V Cu is molar volume of e-Cu and s is the interfacial energy between iron and e-Cu. f(q) is a function of contact angle q as follows.
The contact angle q is the angle at the three-phase point, e-C u , iron and catalyst and is defined by the balance of interfacial energies as follows. (8) where, s Cu-iron , s iron-Cat. s Cu-Cat. are the interfacial energies between e-Cu/iron, iron/catalyst and e-Cu/catalyst, respectively.
Method of Calculation
The change in the nucleation frequency with temperature can be calculated by Eq. (6) under some conditions. Table 2 summarizes the values of parameters for calculation. The temperature at which the precipitation starts in equilibrium state is estimated by Eq. (1) 
Results of Calculation
Homogeneous Nucleation
At first, the nucleation frequency was calculated in case of the homogeneous nucleation, that is, the contact angle was 180 degrees. The calculation was done in the three conditions, a phase and g phase in Fe-5mass%Cu alloy and g phase in Fe-10mass%Cu alloy. Figure 11(a) shows again the experimental data of the number of precipitates in sample A (10 mass% Cu without MnS) and in sample C (5 mass% Cu also without MnS). Figure 11(b) shows the results of the calculated change in the nucleation frequency for both alloys. The starting temperature for the g/a phase transformation in Fe-5 mass% Cu alloys is indicated by the wavy lines in this figure. It is very clear in the calculation that the nucleation frequency increases suddenly at a certain critical temperature.
There is a satisfactory agreement in tendency between the results of calculation and experiment. In case of Fe-5mass%Cu alloy, the calculated nucleation temperature of e-Cu in a phase is about 1 020 K, as shown by a thick solid line in Fig. 11(b) . On the contrary, the nucleation temperature in g phase is about 860 K, also as shown by a thin solid line. This is due to the difference in the solubility of e-Cu in g phase and in a phase. Since the g/a phase transformation starts at about 990 K under the present experimental condition, the homogeneous nucleation of e-Cu can not occur in g phase unless g phase is undercooled down to 860 K. On the other hand, at 1 020 K which is the theoretical nucleation temperature of e-Cu in a phase, a phase does not exist yet and so e-Cu can not precipitate. Therefore based on the results of calculation and experiment, the actual behavior of precipitation on cooling will be explained as follows: At higher temperatures above 990 K, only g phase exists and no precipitation can occur. But when the g/a phase transformation starts at 990 K and a phase starts to appear, the precipitation of e-Cu can violently occur in a phase because the nucleation frequency is quite large in a phase. On the contrary the nucleation frequency in g phase is still so small that no precipitation of e-Cu can occur in g phase. The undercooling is too large for the precipitation to occur in g phase. Thus the experimental behavior for the case without MnS shown in Fig. 4 and Fig. 11(a) is now well explained in detail.
In case of Fe-10mass%Cu alloy, the calculated nucleation temperature of e-Cu in g phase is about 1 020 K, as shown by a broken line in Fig. 11(b) . This means that the homogeneous nucleation is possible in g phase before the g/a phase transformation. But the experimental value is higher than the calculation. This must be due to the enhancement effect of some nucleation sites maybe existing in the alloys and it will be discussed in more detail in the next section. 
Heterogeneous Nucleation in Fe-10mass%Cu
Alloys Next, the heterogeneous nucleation frequency is calculated in case of Fe-10mass%Cu alloys. The calculation is done only in g phase by using the contact angles of 110 and 80 degrees. The result will be compared with that of the homogeneous nucleation described in the previous section.
The experimental data of the number of precipitates in sample A without MnS and in sample B with MnS are compared and shown in Fig. 12(a) . The calculated values for the nucleation frequency with the different contact angles are shown in Fig. 12(b) . A thin broken line shows the homogeneous nucleation frequency with the contact angle of 180 degrees. A thin or thick solid line shows the heterogeneous nucleation frequency depending on the contact angles of 110 degrees and 80 degrees respectively.
In case of the homogeneous nucleation, as already mentioned, the nucleation temperature is about 1 020 K. But in case of the heterogeneous nucleation with the contact angle of 110 degrees, the calculated value becomes higher, about 1 100 K. This value is very close to the experimental ones in sample A without MnS as shown in Fig. 12(a) . This means that the heterogeneous nucleation of e-Cu occurs at some nucleation sites such as the g grain boundaries or other inclusions except MnS.
On the other hand, in case of the contact angle of 80 degrees, the heterogeneous nucleation temperature becomes much higher, about 1 200 K. This value is very close to the experimental one of sample B with MnS as shown in Fig.  12(a) . This means that the e-Cu precipitation occurs at about 1 200 K in g phase. Now it is clear that the heterogeneous nucleation of e-Cu precipitates at MnS inclusions becomes easier when MnS inclusions pre-exist, because the contact angle becomes small and the undercooling for e-Cu precipitation decreases.
Heterogeneous Nucleation in Fe-5mass%Cu Alloys
The nucleation frequency is also calculated in case of the heterogeneous nucleation in Fe-5mass% Cu alloys. The calculation was done only in g phase and the result was compared with that of the homogeneous nucleation described previously. In this calculation, the contact angles were assumed to be 110 and 80 degrees. Figure 13(a) shows the experimental data of the number of precipitates in sample C without MnS and in sample D with MnS. Figure 13(b) shows the change in the calculated nucleation frequency with temperature. A thin broken line shows the results of the homogeneous nucleation with the contact angle of 180 degrees. A thin or thick solid line shows the results of the heterogeneous nucleation depending on the contact angles of 110 degrees and 80 degrees respectively. The wavy lines in this figure indicates the equilibrium temperature of the g/a phase transformation. In case of the homogeneous nucleation, as already mentioned, the nucleation temperature in g phase is very much lower than the temperature of the g/a phase transformation. On the contrary the nucleation temperature in a phase is higher than that of the g/a phase transformation as previously shown in Fig. 11(b) . Therefore the nucleation of e-Cu precipitates is expected to occur as soon as the g/a phase transformation starts. The value of the experimental nucleation temperature is very close to the g/a phase transformation temperature for sample C without MnS as shown in Fig. 13(a) .
In case of the contact angle of 110 degrees, the nucleation temperature is about 930 K. This value is still lower than the g/a phase transformation temperature. Therefore no nucleation can occur in g phase and the behavior of precipitation is expected to be the same as the case of the homogeneous nucleation. This well explains the experimental results. On the other hand, in case of the contact angle of 80 degrees, the nucleation temperature becomes about 1 030 K and is higher than the g/a phase transformation temperature. This means that the nucleation of e-Cu precipitates can occur at 1 030 K in g phase. This expectation also agrees well with the experimental results as shown in Fig. 9 and Fig. 13(a) . Now it is clear that the e-Cu precipitates appear firstly in g phase in stead of a phase with MnS inclusion. MnS inclusions can decrease the contact angle and the undercooling for e-Cu precipitation, thus the heterogeneous nucleation becomes easier.
Value of the Contact Angle
When the contact angle for the present calculation is set as 80 degrees, the calculation results agree well with the experimental ones in the samples B and D containing MnS. The validity for the value is further discussed.
Let us consider the situation where MnS inclusions act as nucleation sites. The three-phase contact angles are the angles among iron, MnS and e-Cu as shown in Fig. 14 . Unfortunately the data of these angles are not available in the literature. Instead the datum of the contact angle q among g iron, Cu 2 S and Cu is found and the value is 42 degrees. 25) In this case the interface between Cu 2 S and Cu will be more wettable than that between MnS and Cu because copper element can be held in common. So the interface among iron, MnS and e-Cu must not be so wettable as that among g iron, Cu 2 S and Cu. Thus, the contact angle q between iron, MnS and e-Cu must be larger than 42 degrees. The value of 80 degrees used for the present calculation seems to be reasonable.
Conclusions
In-situ observation of the Cu precipitation on cooling in Cu-rich alloys was made by using a confocal scanning laser microscope and the effects of MnS inclusions on the precipitation was investigated. The conclusions will be summarized as follows.
(1) In Fe-10mass%Cu alloys, the nucleation temperature of solid e-Cu precipitates was 1 073 K and e-Cu precipitates nucleated and grew mostly at g grain boundaries in case of the alloy without MnS inclusions. On the contrary the nucleation temperature of solid e-Cu precipitates was 1 198 K and the precipitates nucleated often within g grains in case of the alloy with MnS inclusions.
(2) In Fe-5mass%Cu alloys, the nucleation temperature of solid e-Cu precipitates was 998 K just after the g/a phase transformation. In case of the alloy without MnS inclusions, e-Cu precipitates nucleated and grew mostly within a grains. On the contrary the nucleation temperature of solid e-Cu precipitates was 1 030 K well before the g/a phase transformation. In case of the alloy with MnS inclusions, e-Cu precipitates nucleated within g grains.
(3) In both Fe-10 and 5mass%Cu alloys with MnS inclusions, the precipitate was e-Cu combined with MnS. On the contrary the precipitate was simply e-Cu in case of the alloy without MnS inclusions. This fact indicates that MnS inclusion acted as a nucleation site for the e-Cu precipitate.
(4) The reason for MnS inclusions to assist the e-Cu precipitation was explained by the classical nucleation theory assuming the different contact angles. With MnS inclusions the contact angle and also the undercooling for the precipitation can be reduced significantly. The value of the contact angle of about 80 degrees seems to be reasonable in order to explain best the experimental nucleation temperature according to the heterogeneous nucleation model.
(5) The g/a transformation can also assist the e-Cu precipitation in case of the alloy without MnS inclusions. The reason is due to the fact that the undercooling becomes very small in a phase when the transformation starts.
(6) Based on these results, the distribution of the e-Cu precipitates will be made much more uniform if the nucleation sites such as MnS inclusions are finely distributed.
